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ABSTRACT 

Resting-state functional connectivity (RSFC) imaging is an emerging neuroimaging approach that aims to identify 

spontaneous cerebral hemodynamic fluctuations and their associated functional connections. Clinical studies have 

demonstrated that RSFC is altered in brain disorders such as stroke, Alzheimer’s, autism, and epilepsy. However, 

conventional neuroimaging modalities cannot easily be applied to mice, the most widely used model species for human 

brain disease studies. For instance, functional magnetic resonance imaging (fMRI) of mice requires a very high magnetic 

field to obtain a sufficient signal-to-noise ratio and spatial resolution. Functional connectivity mapping with optical 

intrinsic signal imaging (fcOIS) is an alternative method. Due to the diffusion of light in tissue, the spatial resolution of 

fcOIS is limited, and experiments have been performed using an exposed skull preparation. In this study, we show for 

the first time, the use of photoacoustic computed tomography (PACT) to noninvasively image resting-state functional 

connectivity in the mouse brain, with a large field of view and a high spatial resolution. Bilateral correlations were 

observed in eight regions, as well as several subregions. These findings agreed well with the Paxinos mouse brain atlas. 

This study showed that PACT is a promising, non-invasive modality for small-animal functional brain imaging. 
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1. INTRODUCTION 

Conventional neuroimaging modalities cannot be easily translated to small animals. For instance, functional 

magnetic resonance imaging (fMRI) requires a very high magnetic field in order to obtain a sufficient signal 

to noise ratio (SNR) and spatial resolution for small animal imaging 
1
. Functional connectivity mapping with 

optical intrinsic signal imaging (fcOIS) was recently introduced as an alternative method to image functional 

connectivity in mice 
2,3

. In fcOIS, changes in local hemoglobin concentrations are determined based on 

changes in the reflected light intensity from the surface of the brain 
2,4

. Therefore, neuronal activity can be 

measured through the neurovascular response, similar to the method used in fMRI. However, due to the 

diffusion of light in tissue, the spatial resolution of fcOIS is limited 
2,5

, and the experiment has thus far been 

performed using an exposed skull preparation, which adds complexity for longitudinal imaging. Some other 

optical imaging methods such as optical coherence tomography may not have a sufficient penetration depth 
6
. 

Photoacoustic computed tomography (PACT) is an emerging imaging technique that is based on the acoustic 

detection of optical absorption from tissue chromophores, such as oxy-hemoglobin (HbO2) and deoxy-

hemoglobin (Hb) 
7
. This hybrid nature makes PACT capable of providing high resolution images of the brain 

while leaving the scalp intact 
8,9

. And we expect that PACT can be developed into a powerful functional 

imaging modality for future brain research. 
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In this paper, we utilize photoacoustic computed tomography imaging system to image the brain. The 

experiment was performed using a 532 nm wavelength laser. The photoacoustic signal was therefore directly 

proportional to the total hemoglobin concentration (HbT).  

 

2. IMAGING SETUP 

A schematic of the photoacoustic computed tomography system is shown in Figure 1. A Nd:YAG laser 

(Quantel, Brillant B) was the excitation source, at a pulse duration of 4-6 ns and a pulse repetition rate of 10 

Hz. The laser beam was homogenized by an optical diffuser, resulting in a 2 cm diameter beam on the surface 

of the mouse’s head. We monitored the laser power fluctuation using a photodetector, and the data was 

recorded into the computer. The data was then used in the reconstruction algorithm. The maximum light 

intensity at the surface was approximately 15 mJ/cm
2
, below the ANSI limit of 20 mJ/cm

2
 at 532 nm 

wavelength which is the isosbestic point 
10

. The resulting photoacoustic signals were detected by a 5 cm 

diameter, full-ring ultrasonic transducer array (Imasonic Inc.) with 512 elements. The array had an 80% 

bandwidth at a central frequency of 5 MHz. Within the 2 cm diameter field of view, the system had an axial 

resolution of 100 µm, a lateral resolution of 100-200 µm, and an elevational resolution of 1.0 mm 
11

.  Atypical 

PACT image is shown in Figure 2.  

 

 
 

Figure 1. Schematic of the photoacoustic computed tomography (PACT) system 

 

The photoacoustic signal was digitalized by a 64-channel data acquisition system, with a full-ring acquisition 

taking 1.6 seconds 
8
. For the experiments, we used 3-4 month old Swiss Webster mice. Before imaging, the 

animal was briefly anesthetized with 2% isoflurane, and the hair was removed with a hair remover lotion. The 

animal was then mounted on the imaging system. We changed the anesthesia from isoflurane to the mixture 

of ketamine and xylazine, because they provide stronger brain activity. 100 mg/kg ketamine and 10 mg/kg 
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xylazine were mixed and administered intraperitoneally. For brain imaging, all experimental animal 

procedures were carried out in conformity with the guidelines of the US National Institutes of Health. The 

laboratory animal protocols for this work were in accordance with those approved by the Animal Studies 

Committee of Washington University in St. Louis. 

 

 

Figure2. Superficial cerebral vasculature image of a mouse brain. ICV: inferior cerebral vein, SSS: superior sagittal 

sinus, TS: transverse sinus, CoS: confluence of sinuses.  

 

3. ATLAS PREPARATION 

To support the findings obtained from this study, a horizontal view atlas of the functional regions of the 

mouse brain was reconstructed from coronal view plates of the Paxinos atlas, which are 120 μm apart 
12

. 

Since the elevational resolution of the PACT system is about 1mm, extensions of the coronal view plates from 

the surface of the cortex down to 1 mm deep were considered for reconstruction. Because the plates are 

projected into one horizontal plate, we call the reconstructed atlas the averaged horizontal atlas.  

There were eight main regions reconstructed in the atlas. These regions include the olfactory bulb, limbic, 

parietal, somatosensory, retrosplenial, visual, motor, and temporal regions. Also several subregions within the 

main regions were reconstructed in the atlas. 

 

 
 

Figure 3.  Functional regions from the Paxinos histological atlas. 
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5. RESULTS 

The fcPAT system was developed based on a 512-element full-ring ultrasonic transducer array (Figure 1), 

providing an in-plane resolution of 100 µm [30]. Figure 2 shows an image of mouse cortical vasculature 

acquired noninvasively using this system. For better localization of functional regions, the photoacoustic 

images were co-registered to the Paxinos atlas using the landmarks shown in the vascular image (Figure 2). 

All mice used in this study were male ND4 Swiss Webster, anesthetized with ketamine/xylazine, and imaged 

for 10 minutes in resting state. 

                                    

Figure 4. Functional connectivity maps in a live mouse brain acquired noninvasively by fcPAT. Correlation maps of 

Olfactory bulbs, Limbic, and Somatosensory regions. 
 

In 
13

, Fore- and hind-paw stimulation experiments were performed to confirm the locations of subregions in 

the somatosensory cortex 
14

. Also, by subjecting the mouse to alternating normoxic and hypoxic conditions, 

strong and weak functional connectivities were observed, respectively.  

 

6. CONCLUSION 

In this study, we show for the first time, the use of photoacoustic computed tomography (PACT) to 

noninvasively image resting-state functional connectivity in the mouse brain, with a large field of view and a 

high spatial resolution. Bilateral correlations were observed in eight regions, and several subregions. This 

neuroimaging method can be used, in particular, for the patients under anesthesia, or for the patients who are 

not able to perform any cognitive task. We are planning to look into the resting state functional connectivity 

in the capillary level by using photoacoustic microscopy.    
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